We study the pair production of charged scalar particles from the five-dimensional near extremal Reissner-Nordström-Anti de Sitter (RN-AdS 5 ) black hole. The pair production rate and the absorption cross section ratio in the full spacetime are obtained and are shown to have proportional relation with their counterparts in the near horizon region. In addition, the holographic descriptions of the pair production both in the IR CFT in the near horizon region and the UV CFT at the asymptotic spatial boundary of the RN-AdS 5 black hole are analyzed in the AdS 2 /CFT 1 and AdS 5 /CFT 4 correspondences, respectively. This work gives a complete description of scalar pair production in the near extremal RN-AdS 5 black hole.
from black holes, which can be viewed as a tunneling process through the black hole horizon [2] .
A charged black hole thus provides a natural lab in which both the Schwinger pair production and the Hawking radiation can occur and mix with each other. Usually the equation of motions (EoMs) of quantum fields in a general black hole background is difficult to be solved analytically in the full spacetime. However, when the symmetry of a spacetime geometry is enhanced under some conditions, the problem becomes manageable; for this reason, in a series of recent studies, the spontaneous pair production of charged particles has been systematically studied in near extremal charged black holes, including the RN black hole [3] [4] [5] and the Kerr-Newman (KN) black hole [6, 7] , in which the near horizon geometry is enhanced into the AdS 2 or warped AdS 3 in the near extremal limit. Thanks to the enhanced near horizon symmetry, the explicit forms of the pair production rate and other 2-point correlation functions have been obtained and their holographic descriptions have been found based on the RN/CFT [8] [9] [10] [11] [12] [13] and KN/CFTs dualities [14] [15] [16] . In addition to charged black hole backgrounds, the pair production has also been investigated in a pure AdS or dS spacetime, see, e.g., [17] [18] [19] [20] , whereas in the absence of gravitational field the pure Schwinger effect has been efficiently analyzed by using the phase-integral method [21] [22] [23] [24] .
However, previous studies mainly focus on analyzing the spontaneous pair production in the near horizon region of black holes in an asymptotically flat spacetime. A charged black hole in AdS spacetime has an additional AdS symmetry at the asymptotical boundary. From the holographic point of view, the CFT description of pair production has been revealed only in the near horizon region in terms of the AdS 2 /CFT 1 (or warped AdS 3 /CFT 2 ). Although particle pairs produced in the near horizon region of black hole indeed give important contributions to those in the full spacetime, understanding of the whole picture is still lacking. In the present paper, we extend the study of pair production to the full near extremal RN-AdS 5 black hole background, which possesses an AdS 5 geometry at the asymptotic spatial boundary as well as an AdS 2 structure in the near horizon region. It is shown that the radial equation of the charged scalar field propagating in this spacetime can be transformed into a Heun-like differential equation and thus be solved by matching its solutions in the near and far spacetime regions. Consequently, analytical forms of the full solutions for the pair production rate, the absorption cross section ratio as well as the retarded Green's functions are obtained and they are shown to have elegant relations with their counterparts calculated in the near horizon region.
The near extremal RN-AdS 5 black hole is also a very useful background to study holographic dualities. As the near horizon AdS 2 (or warped AdS 3 ) spacetime is dual to a 1D CFT (or chiral CFT 2 ), while the asymptotical AdS 5 spacetime is dual to another 4D CFT, the former is called the IR CFT, while the latter is called the UV CFT, and they are connected with each other via the holographic renormalization group (RG) flow along the radial direction [25] [26] [27] . For example, it has been shown that the near extremal RN-AdS black hole acts as a holographic model to describe typical properties of the (non)Fermi liquid at quantum critical point [28] [29] [30] [31] . It is thus natural and interesting to find holographic descriptions of pair production in the RN-AdS 5 black hole both in the IR CFT 1 in the near horizon region and the UV CFT 4 at the asymptotical AdS 5 boundary.
We show that the picture in the IR CFT 1 is very similar to those in the near extremal RN and KN black holes, the pair production rate and the absorption cross section ratio calculated from the AdS 2 spacetime can match with those from the dual IR CFT. As for the UV 4D CFT, although a direct comparison of calculations between the bulk and the boundary in terms of the AdS 5 /CFT 4 is not made due to the lack of informations on the dual finite temperature CFT 4 side. However, from the bulk gravity side, the condition for pair production in the full near extremal RN-AdS 5 spacetime is the violation of the Breitenlohner-Freedman (BF) bound [32, 33] in AdS 5 spacetime.
This, on the dual 4D CFT side, corresponds to a complex conformal weight for the scalar operator dual to the bulk charged scalar field, which indeed indicates instabilities for the scalar operator on the boundary and is consistent with the situation in the IR CFT. Furthermore, we find an interesting relation between the full pair production rate and the absorption cross section ratio via changing the roles of sources and operators at the same time both in the IR and the UV CFTs.
The rest of the paper is organized as follows. In sec. II we give a brief review of the bulk theory and consider the near horizon geometry of the RN-AdS d+1 black hole and the EoMs of the probe charged scalar field. In sec. III, the spontaneous pair production in the near horizon region of the near extremal RN-AdS d+1 black holes is discussed and the 2-point functions of the charged scalar field, such as the retarded Green's function, and the pair production rate and absorption cross section ratio are calculated. In sec. IV, the full analytical solution for the radial equation of the charged scalar field in RN-AdS 5 black holes is obtained by applying the matching technique.
Consequently, the full analytical forms of the pair production rate, the absorption cross section ratio, as well as the retarded Green's function are found, and the connection with their counterparts in the near horizon region of the black hole is discussed. Then in sec. V, the dual CFTs descriptions of the spontaneous pair production are both analyzed in terms of AdS 2 /CFT 1 correspondence in the IR region and the AdS 5 /CFT 4 correspondence in the UV region, and their connections are also revealed. Finally, the conclusion and physical implications are given in sec. VI.
II. THE BULK THEORY
A. The RN-AdS d+1 black hole
The d + 1 dimensional Einstein-Maxwell theory has the action (in units of c = = 1) as
where L is the curvature radius of the asymptotically AdS d+1 spacetime and g s is the dimensionless coupling constant of the U (1) gauge field. The dynamical equations
admit the Reissner-Nordström-Anti de Sitter (RN-AdS d+1 ) black brane (or the planar black hole) solution [34] 
with
where r o is the radius of the outer horizon (f (r o ) = 0), µ is the chemical potential with dimension
[µ] = length −(d−1)/2 , M is the mass and Q is the charge of the black brane. We may find an explicit expression of r o for d = 4 from a solution of a cubic equation, which is complicated, but r o has a general expression for the extremal case, i.e. r * in II B. The condition f (r o ) = 0 gives
(which is the Smarr-like relation related to the first law of thermodynamics of the black brane) and the temperature T and "surface" entropy density s of the black brane are
Besides, the first law of thermodynamics of the dual boundary d-dimensional quantum field is
where the "surface" energy and charge densities are respectively
Then it is straightforward to check the Euler relation
where the pressure is p = ǫ d−1 , which shows that the dual d-dimensional quantum field theory on the asymptotic boundary is conformal as expected.
B. Near-horizon near-extremal geometry
To make the following analysis convenient, let us introduce the length scale r 2d−2 * ≡ d−2 d G d+1 L 2 Q 2 , then the temperature is rewritten as
Note that r * may be treated as the "effective" radius of the inner black hole horizon though f (r * ) = 0 in general and r * < r o . The extremal condition for a degenerate horizon at r o = r * is
The near extremal limit of near horizon is obtained by taking the limit ε → 0 of the transformations
where in general ρ o is finite and ρ ∈ [ρ 0 , ∞).
Expanding f (r) around r = r o ,
we have
where the temperature is expanded in powers of ε as T = d(d−1)
the near horizon geometry is given by
where ℓ 2 ≡ L 2 d(d−1) is defined as the square of curvature radius of the effective AdS 2 geometry. The limit ρ o → 0 yields the extremal limit.
The solution in eq.(14) can also be written in the Poincaré coordinates in terms of ξ = ℓ 2 /ρ,
The above geometry is a black brane with both local and asymptotical topology AdS 2 × R d−1 (the AdS 2 has the SL(2, R) R symmetry). The horizons of the new black brane are located at ξ = ±ξ o and its temperature is T n = 1 2πξo . Note that if we adopt the new coordinates z ≡ ξ/ξ o with |z| ≤ 1 and η = τ /ξ o , then the metric becomes
and the temperature associated with the inverse period of η is normalized toT n = 1 2π .
C. Charged scalar field probe
The action of a bulk probe charged scalar field Φ with mass m and charge q is
where D α ≡ ∇ α − iqA α with ∇ α being the covariant derivative in curved spacetime. The corre-
Besides, the radial flux of the probe field is
In the RN-AdS d+1 background (3), assuming Φ(t, x, r) = φ(r)e −iωt+i k· x , the KG equation (18) has the radial equation
The solutions to eq. (20) cannot be directly found in terms of special functions in the full spacetime region. In the following, we will solve it in different regions respectively and match these solutions to obtain the full solution.
III. PAIR PRODUCTION IN THE INNER ADS 2

A. Near-horizon solutions
Firstly, we analyze the near horizon, near extreme region (15) and solve the KG equation (18) by expanding the scalar field as
Then the KG equation reduces to 1
where the effective mass square is defined as
Or, the KG equation can be expressed in the z coordinate as
where the effective charge of the probe field is q eff ≡ (d − 2) µℓ ro q. The singularities of eq. (23) are located at z = 0, z = ±1 and z = ∞.
To find the solutions, we determine its indices at each singular point. When z → 0, setting φ(z) ∼ zᾱ, the leading terms in eq. (23) are
which givesᾱ
When z → −1, setting φ(z) ∼ (1 + z)β, then eq. (23) reduces to
and the index isβ
Finally, when z → 1, setting φ(z) ∼ (1 − z)γ, then eq. (23) reduces to
is obtained. Further, imposing the ingoing boundary condition at the black brane horizon z = 1 requiresγ = −i wξo 2 = −i w 4πTn . Also note that eq. (23) can be rewritten in a more explicit form as
which becomes the Fuchs equation with three canonical singularities a 1 , a 2 and a 3 as
where a 1 = 0, a 2 = −1 and a 3 = 1 and
andᾱ 1 +ᾱ 2 +β 1 +β 2 +γ 1 +γ 2 = 1 is satisfied. The Fuchs equation (31) can be transformed to the standard hypergeometric function
via the conformal coordinate transformation
whereα =ᾱ 1 +β 1 +γ 1 ,β =ᾱ 1 +β 1 +γ 2 andγ = 1 +ᾱ 1 −ᾱ 2 . (Note that one can freely choose
, respectively. Therefore the explicit solutions in the near horizon near extreme region are
B. 2-point correlators from AdS 2
At the horizon of the AdS 2 black brane z = 1, eq. (35) is expanded as
where
and
On the other hand, at the AdS 2 boundary z → 0, the asymptotic expansion of eq. (35) is
where A is the source of the charged scalar field in the bulk AdS 2 , while B is the response or the operatorÔ(w, k) (in the momentum space) of the boundary CFT 1 (i.e. the IR CFT) dual to the charged scalar field in the bulk AdS 2 background. Note that in order to obtain the propagating modes, ν should be purely imaginary, which can be set as ν ≡ i|ν|, i.e. φ(z) = c 
which corresponds to a complex conformal weight of the scalar operator in the dual IR CFT.
Pair production rate and absorption cross section ratio
The Schwinger pair production rate |b| 2 and the absorption cross section ratio σ abs can be calculated from the radial flux by imposing different boundary conditions
which gives
where F 
Similarly, by adopting the outer boundary condition, the absorption cross section ratio is computed as
The pair production rate and the absorption cross section ratio are connected by the simple relation
which has been observed in [7] .
Retarded Green's function
The two-point retarded Green's function of the boundary operators dual to the bulk charged scalar field is computed through
by taking the inner boundary condition, i.e. F (out) H = 0, which gives
Thus, the two-point retarded Green's function is
In addition, the corresponding boundary condition (F 
Eq. (49) gives the quasinormal modes of the charged scalar field perturbation.
IV. PAIR PRODUCTION IN THE ASYMPTOTICAL ADS 5
A. Transforming the radial equation into the Heun-like equation
To find the solution in the full region, we now focus on d = 4 and the near extremal cases.
Introducing the coordinate transformation ̺ = r 2 M ′ (with M ′ = G d+1 L 2 M ), we write the radial equation (20) as
where the parameters areω = L 2 (ω+qµ)
Further, defining another coordinate
the metric of the RN-AdS 5 black hole becomes
And eq. (50) transforms into
We employ the Riemann's P-function [35] for the solution
where α 1,2 , β 1,2 , γ 1,2 and δ 1,2 are exponents of corresponding singularities 0, a, b and ∞, respectively.
in which the index "1" corresponds to the "+ ′′ sign and the index "2" corresponds to the "− ′′ sign, respectively.
By using the transformation identity of the P-function, one can write the solution as
Substituting eq. (58) into eq. (55), we obtain
Further, using another identity of the P-function, the solution is transformed into
Similarly, substituting eq. (62) into eq. (60), we find
So far we have succeeded in transforming one of the exponents of singularities at "y = 0" and "y = a" into zero respectively by separating the asymptotic factors. Strictly speaking, eq. (64) is not the standard Heun's function unless one of the exponents of singularity at "y = b" also turns into zero (so we will call it the Heun-like equation). Nevertheless, we will show that eq. (64) can be analytically solved without the need of further transforming one of the exponents of singularity at "y = b" into zero.
B. Solutions in near and far regions
We divide the regions into a near region
and a far region
and an overlapping region when −a ≪ 1.
A physical reasoning of −a ≪ 1 relies on an observation that the temperature of black hole
thus gives −a → 0 as when T → 0:
Now we find the approximate solutions in different regions. First, by using the near region condition (y ≪ 1), eq. (55) reduces to
Obviously eq. (72) can be solved by the hypergeometric function as
where α = 1 2 + ν + 2α 1 − iq eff ℓ, β = 1 2 − ν + 2α 1 − iq eff ℓ, γ = 1 + 2α 1 and ℓ = L/ √ 12 is the radius of the effective AdS 2 geometry in the near horizon region of the RN-AdS 5 black hole. Second, in the far region, by using the condition (y ≫ −a), eq. (64) can turn into
(where the relation
. Similarly, eq. (74) has a solution in terms of hypergeometric function as
C. Near-far matching
In the overlapping region, one has the inequalities −a ≪ y ≪ 1 < −b (77)
, which means a y → 0 and y b → 0, and transforms eqs. (73) and (76) into the following forms: the near region solution
and the far region solution
Comparing the above two identities, one finds the connection relations
D. 2-point correlators from AdS 5
Pair production and absorption cross section
Now we denote the radial flux of the charged scalar field in metric (53) as D:
In the near horizon limit, i.e. y → 0, eq. (73) reduces to
where the first part is the outgoing mode and the second part is the ingoing mode. Further, the asymptotic form of φ(y) at the boundary (y → ∞) of the AdS 5 spacetime gives the form
where A(ω,k) is the source of the charged scalar field in the bulk RN-AdS 5 black hole, while B(ω,k)
is the response (the operator) of the boundary CFT 4 (i.e. the UV CFT) dual to the charged scalar field in the bulk. As in the case of the AdS 2 spacetime, the condition for the propagating modes requires an imaginary ∆, i.e. ∆ = i |∆|, which means
namely, the violation of the BF bound in AdS 5 spacetime.
Therefore, the corresponding outgoing and ingoing fluxes at the horizon and the boundary of the near extremal RN-AdS 5 black brane are
The absorption cross section ratio σ 
where H (x; y; z) denotes a function
and 
Substituting eqs. (92)(93) into eq. (76) and taking y → ∞, namely, the boundary of the AdS 5 spacetime, one obtains
Therefore, the retarded Green's function of the boundary CFT 4 is given by
E. Solution at asymptotic spatial boundary
The solution of the charged scalar field that approaches the asymptotic spatial boundary of the 
whose solution is given by the Bessel functions as
wherec 1 ,c 2 are constants to be fixed by matching the solutions later andν ≡ 1 2 √ d 2 + 4m 2 L 2 . In the near region (r → ∞) of the AdS d+1 boundary, eq. (98) can be expanded as
where∆ ≡ d 2 +ν is the conformal weight of the boundary operatorŌ dual to the bulk charged scalar field φ, andĀ
In a five-dimensional spacetime (d = 4), eq. (99) is consistent with eq. (84) in the "y" coordinate.
V. CFTS DESCRIPTIONS IN IR AND UV REGIONS
From the AdS/CFT correspondence the IR CFT 1 in the near horizon, near extremal limit and the UV CFT 4 at the asymptotic boundary of the RN-AdS 5 black hole can be connected by the holographic RG flow [26, 27] . The CFT description of the Schiwnger pair production in the IR region of charged black holes has been systematically studied in a series of previous works [3, 4, 6, 7] .
Here we address the dual CFTs descriptions in the UV region and compare them with those in the IR region.
The IR CFT 1 of the RN-AdS black hole is very similar to that of the RN black hole in an asymptotically flat spacetime, since CFT 1 can be viewed as a chiral part of CFT 2 , which has the universal structures for its correlation functions. For instance, the absorption cross section of a scalar operator O in 2D CFT has the universal form as Further identifying the variation of the black hole area entropy with that of the CFT microscopic entropy, namely, δS BH = δS CFT , one derives
where the left hand side of eq. (102) is calculated in the coordinate (16) with each other only up to a minus sign.
VI. CONCLUSION
In this paper we have studied the spontaneous scalar pair production in the near extremal RN-AdS 5 black hole which possesses an AdS 2 structure in the IR region and an AdS 5 geometry in the UV region. The solutions for the charged scalar in the full black hole spacetime are obtained by using the matching method, from whose connection the pair production rate, absorption cross section ratio as well as the retarded Green's functions are found at the two boundaries and also for their connection formula. Moreover, the CFTs descriptions of the pair production are investigated both from the AdS 2 /CFT 1 correspondence in the IR and the AdS 5 /CFT 4 duality in the UV regions, and consistent results and new connection between pair production rate and absorption cross section ratio is found, although the related informations computed from the finite temperature 4D CFT is lacking. This work has successfully generalized the study of pair production in charged black holes to the full spacetime and shed a light on a complete understanding to the pair production process in curved spacetime.
